Introduction
In subsequent processing of demanding steel grades like tire cord, bearing steels or spring steels carbide and martensite banding microstructures caused by macro-segregation in the as-cast material could generate center burst, wire breakage or machining problems due to properties that clearly differ from those of the base material. Aside from electromagnetic stirring and casting with a low superheat, intensive cooling of the strand in the upper range of secondary cooling zone has, above all, proved to be very effective in reducing segregation in continuously cast billets. 1) Soft-reduction of the strand in the final stages of solidification, a method used successfully for suppressing center segregation and porosity in slab and bloom casting, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] offers a possible alternative for producing material with a low segregation level especially in the case of steels that, due to their crack and distortion susceptibility, cannot undergo intensive cooling.
The survey below, which deals with the feasibility and effectiveness of a Mechanical Soft Reduction (MSR) in billet casting, served as a support for designing the MSR-unit of billet caster S0 and for predicting of favourable process parameters.
Characteristic of the solidification process of continuously cast square billets is the funnel-shaped formation of the final solidification range, caused by the advancing solid-liquid interfaces. With the equiaxed solidification structure generally aimed for, the solidification shrinkage in the region of the final solidification leads to a strong suction flow in the direction of casting. Since porosity and permeability of the mushy zone increase from the outside towards the center of the strand the interdendritic liquid flows in casting direction, towards the centerline, along V-shaped channels. The solidification of the segregated residual melt in these channels results in the formation of macro-segregation as V-segregation and spot-like center segregation. 14, 15) The basic idea of any kind of soft-reduction is to suppress the formation of macro-segregation by compensation of the shrinkage occurring during solidification and interrupt the suction flow of the residual melt 7, 10) (Fig. 1) . According to the influences of the reduction process on the solidification, Fig. 2 schematically shows the interaction of the position of the MSR-unit and the intensity of reduction on the internal structure of the strand. The optimum zone for improving the internal structure is defined by a minimum intensity of reduction which is necessary to compensate shrinkage during solidification but without creating internal cracks. Due to the fact that the risk of the occurrence of squeezing cracks clearly increases with increasing liquid core thickness, high reduction intensities should be avoided especially at the beginning of the reduction The production of continuously cast products that show very low center segregation and are thus more homogeneous is an important objective, particularly for high-speed continuous casting of billets, in meeting quality requirements that are becoming increasingly stringent. In addition to the well-known methods of reducing macro-segregation in continuous casting, inline thickness reduction of the partially solidified strand, already used successfully in slab and bloom casting, offers an alternative for producing material with low segregation level.
In the present report, which considers the feasibility and effectiveness of a mechanical soft-reduction for the continuous casting of billets, the influence of the soft-reduction position from the metallurgical point of view, the reduction parameter and the roll diameter in combination with the structural design of the soft-reduction unit was assessed comparatively. One strand of the billet caster S4 was modified for this purpose and soft-reduction trials were carried out on high carbon steel grade D72C for wire rod application and spring steel grade 54SiCr6 at casting speeds between 2.80 and 3.60 m/min. The conclusions drawn from the test results with respect to required solid fraction in the liquid core, effective reduction rate and necessary roll diameter formed the basis for designing the soft-reduction unit of billet caster S0 and for predicting favourable process parameters. First results of billet soft-reduction trials on the caster S0 are presented.
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process.
For improving center segregation and lowering porosity it seems to be more effective to reduce the strand at high intensities with several couples of rolls in the finishing area of the solidification.
Optimum results are obtained for blooms if the casting speed is adjusted in such a way that the solid fraction in the core of the partially solidified strand was between 0.2 and 0.9, 6,7) 0.2 and 0.7 5, 9) or 0.37 and 0.51 8) when it passes through the soft reduction zone. The amount of reduction necessary to produce a structure with low segregation is between 4 and 30 mm. 6, 9) The reduction rates achieved in the reported cases were between 1.8 and 6.6 mm/m 6, 9) or 0.72 and 4.7 mm/min. 6, 8) . Decisive for the success of soft-reduction process is that the position of the crater end or the area with an optimum solid fraction in the strand center is exactly determined for the regarded steel grade among all casting conditions, and that reduction of the strand thickness is controlled with great precision. [3] [4] [5] [6] [7] [8] [9] [10] [11] A general problem in billet soft-reduction is that a only comparatively small part of the applied reduction amount is transmitted to the liquid core, while the greater rest deforms the sidewalls. This is further aggravated by the distribution of temperature over the cross section and the deformation resistance of the sidewalls leading to an increase of force required for a certain reduction amount.
The efficiency of soft-reduction, defined as the ratio of the amount of internal reduction to the amount of surface reduction in billet casting is only between 7 and 34 % 8, 22) because, in comparison with other casting formats where efficiencies range between 25 and 60 %, 12) the liquid core diameter is unfavourably proportioned in relation to the strand width. 8, 12) In order, for example, to obtain the same reduction gradient at the solid-liquid interface with a 162 mm sq. section billet as with a bloom format of 350ϫ560 mm, a reduction rate of 5.49 mm/min, i.e. approx. eight times greater, is required according to the analyses of Isobe.
8) As greater reduction rates lead to a greater elongation and width-spread of the billet, thus increasing the risk of producing internal cracks, any measures that increase the effectiveness of soft-reduction are of particular importance for this application. Investigations carried out in this respect, show that in addition to the roll diameter, the shape of the rolls and the ratio of the size of the liquid core, which is dependent on the casting format, to the active contact length of the roll are influential factors (Fig. 3) . The reduction efficiency increases as the flatness ratio (Fr), the volume ratio (Vr), the contact length ratio (Sr) and roll diameter become larger. [7] [8] [9] 12) 
Trial Settings
Soft-reduction trials were carried out in two campaigns on billet caster S4 at 150 mm sq. section billets. The 6-strand bow-type machine has a casting radius of 10.5 m and is equipped with horizontally operating mould and strand stirrers. Apart from the high carbon aluminium killed steel C72D for wire rod application, grades with higher deformation resistance at elevated temperatures, e.g. spring steel 54SiCr6, were examined to obtain basic information on the behaviour of the materials under different soft-reduction conditions. The chemical composition of the cast steel grades is listed in Table 1 . 
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Fig. 2.
Operational range of the soft-reduction process. 
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The objective of the first campaign was to determine the most favourable MSR range from a metallurgical point of view for the regarded steel grades, and to examine the influence of different casting speeds, solid fractions respectively on the solidification structure and the level of carbon segregation along the centerline of the billets.
In the second campaign the effectiveness of various MSR configurations with regard to the qualitative change in the solidification structure was studied mainly on spring steel grade. Furthermore the structural design of the MSR unit as a stand or segmental construction was to be assessed comparatively, in addition to the influence of varying roll diameters. Therefore, two soft-reduction units in segmental construction were installed behind the straightening and withdrawal unit of one strand (Fig. 4) .
Each of the two segments included 3 pairs of rolls with a roll diameter of 300 mm and two cylinders, each with a maximum force of 450 kN. The roll adjustment was either force or position-controlled. The spacing between the rolls in the segment was 330 mm. In relation to the meniscus, the position of the 1760-mm-long soft-reduction zone was about a casting length of between 20.3 and 22.1 m.
The continuous reduction of the partially solidified strand over the 6 rolls of the segments was compared with the more punctual reduction in the withdrawal unit using In order to ensure a sufficiently large, liquid cross-section in the respective soft-reduction zone, the casting speed on the test strand was varied from 2.8 to 3.6 m/min. The applied reduction amounts ranged between 2.8 mm and 11 mm, reduction rates varied from 1.5 to 10.7 mm/min respectively. The performed settings using the withdrawal rolls and segments are described in more detail in reference. 23) 
Evaluation Methods
Each soft-reduction setting of the withdrawal rolls or segments was maintained over at least two billet lengths, so that sufficient casting and measuring data as well as an adequate quantity of test material could be obtained.
In order to assess the effect of reduction on the internal structure of the as-cast strand, sulphur prints of billet crosssection samples taken longitudinal and transverse to the casting direction were prepared and evaluated in terms of the occurrence of internal cracking and the degree of macro-segregation formation. For evaluation of the carbon segregation distribution along the centerline of the strand, billet samples with a summarized length of 1.5 m were taken for each condition. The samples were cut into 70 transverse sections which were drilled in the metallurgical center using a 8 mm diameter drill in order to obtain probes for centerline carbon analyses.
To perform the soft-reduction trials it was necessary to adjust the casting speed in such a way, depending on the position of the soft-reduction zone and steel grade, that there were comparable solidification conditions in the strand center during reduction. A simple numerical model was used to calculate the strand temperatures and solidification in order to estimate the degree of solidification within the soft-reduction zone, i.e. the diameter of the liquid core and the solid fraction in the billet center. Similar models are often employed in continuous casting machines that use soft-reduction to specify the position of the crater end and ideal soft-reduction conditions online. 4, 5, [16] [17] [18] [19] The model was calibrated by comparing the calculated and measured surface temperatures and then correlating the location of intentionally produced internal cracks at the solid-liquid interface with the calculated positions of the zero strength and zero ductility isotherms.
Results and Discussion
The influence of the position of the MSR-unit in terms of the solid fraction in the center of the strand when the billet passes the reduction zone was investigated on the high carbon wire grade by varying the casting speed.
In Table 1 . Chemical analysis of the tested steels, mass%. gation. The reduction of the strand at a casting speed of 3.5 m/min produces narrow-angled V-segregation in the central region of the billet and severe internal cracks at the solid-liquid interface in addition. This indicates that the billet was still unsolidified to a considerably extent when passing through the reduction zone and values of the fraction solid in the core between 0.1 and 0.3 are too low for the effective alleviation of segregation. A comparative assessment of the influence of the soft-reduction process under these casting conditions on the center segregation level is given in Fig. 6 . The carbon segregation level is defined as the ratio of the analyzed carbon content C of drilling chips taken from the strand core to the carbon content of the ladle analysis C 0 . In comparison to the conventionally produced billet the application of soft-reduction leads to a lower and as the smaller deviation indicates, a more homogeneous segregation level.
Although there are good results in segregation level at a casting speed of 3.5 m/min further investigation of the soft reduced material have shown that the creation of internal cracks has an extremely adverse effect on the quality of the finished product. Figure 7 illustrates the correlation by means of micrographs showing the as-cast structure of a reduced billet and the related microstructure of the rolled wire.
Due to the continuous initiation of cracks at the solidification front and the simultaneous compression of the strand core, solute enriched liquid is discharged to an increasing extent from the strand core to the eccentrically situated crack areas. Although this rearrangement of the residual melt leads to a lower segregation level in the strand center, the reduction produces clear segregation peaks in the bandshaped crack zones. This results confirm, that improving centerline segregation without producing internal cracks is, as several surveys on the applicability of soft-reduction for billets, blooms and slabs report, only possible if reduction conditions are closely related to the material properties and the casting parameter. Figure 8 illustrates the influence of the different soft-reduction devices and the reduction rate on the internal structure of a spring steel grade at casting speeds of 3.5 and 3.3 m/min. Under these conditions solid fractions in the billet center ranged between 0.4 and 08. The sulphur prints of billets reduced at a reduction rate of 2.27 and 2.53 mm/m clearly show that, regardless of the MSR-unit used, these reduction rates are insufficient to prevent the formation of V-segregation. Making the V-segregations less distinct and increasingly suppressing their formation is only possible with the withdrawal rolls applying a reduction rate of 3.69 mm/m (12.9 mm/min). Strand reduction with similarly reduction rate of 3.54 mm/m using the segments does not, as a comparison of the sulphur prints illustrates, result in suppression of V-segregation formation. This clearly indicates that a reduction with the larger withdrawal rolls (450 mm dia.) is more advantageous.
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The sulphur prints in Fig. 9 represent the case that the strand thickness was reduced by the same amount of approx. 6.9 mm but with distinctly different reduction rates using either the withdrawal rolls No. 2 and No. 3 or the segments. It is clearly evident that soft-reduction performed with pinch rolls at a reduction rate of 5.60 mm/m leads to an internal structure that is free from V-segregations. However, a condition of absolutely no segregation was not achieved, as the light segregation streak in the billet center proves. Using the segments, strand reduction by the same amount of 6.88 mm but with a lower reduction rate of 3.91 mm/m is not sufficient to influence V-segregation formation.
Summary and Conclusions
The objective of the soft-reduction trials carried out on billet caster S4 was to assess the influence of the soft-reduction position, the roll diameter and the reduction rate on the efficiency of the soft-reduction process. The findings resulting from the trials can be summarized as follows:
• Soft-reduction is an effective technology to improve center segregation in billet casting in terms of suppressing the formation of V-segregations and decreasing segregation level.
• In this regard, it is important to select casting parameter in a way that optimum solid fractions in the center are present when passing the MSR-unit. Encouraging results were obtained for high carbon steel at solid fractions between 0.2 and 0.9. For spring steel grades the solid fractions ranged from 0.4 to 0.8.
• Due to the low reduction efficiency in the case of square billets, reduction amounts of 7 to 10 mm are necessary to ensure that an sufficient amount of reduction reaches the core to interrupt suction flow. Internal cracking and the resulting detoriation of the internal structure must be prevented.
• Rolls with 450 mm diameter are more effective than rolls with of 300 mm diameter in suppressing the formation of V-segregation applying the same reduction amount, and they initiate comparably less internal cracks at the solidliquid interface.
• To suppress the formation of V-segregation it is necessary, according to the results on hand, to have a minimum reduction rate of 3.9 mm/m for a two-roll MSR unit with a roll diameter of 450 mm. Under the selected test conditions, reduction rates of approx. 5.5 mm/m resulted in billets that were free of V-segregation. Finally, the above-mentioned results and the derived correlations formed the basis for the construction of the softreduction-unit of the billet caster S0 (Fig. 10) .
The caster S0 is a 6-strand, bow type machine with a curved mould and a casting radius of 11 m. Casting section sizes are 150 mm sq. and 180 mm sq. Maximum casting speed is 4 m/min in 150 mm sq. and 3 m/min in 180 mm sq. The soft reduction unit is of segmental design and consists of six individual segments per strand. Each segment comprises two pairs of rolls with a diameter of 450 mm which can be set hydraulically to be force or position controlled via two cylinders with a maximum force of 600 kN each. The entire length of the withdrawal-straightening unit for MSR-application amounts to approx 8 m.
First soft-reduction trails on the caster S0, concerning the efficiency of the reduction device were performed on a high carbon steel grade with 0.7 % C. Representative sulfur prints of billets that were cast at 3.5 m/min and reduced by an amount of 9 mm are illustrated in Fig. 11 .
In comparison to billets cast without soft-reduction the segregation in billets subjected to the MSR is less pronounced and more uniform in distribution. The formation of V-segregation is suppressed and the centerline structure is clearly modified. That means that the practical implementation of the theoretical design concept under the above-mentioned assumptions was successful.
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